Eleven patients with arteriographically confirmed coronary artery disease and normal arterial oxygen saturation were studied. The angina threshold was determined first by successive elevation of heart rate at increments of 10 and 5 beats/min by right atrial pacing while the patients were breathing air via a close-fitting mask. The mask was then connected to an oxygen tank without the patient's knowledge. After 5 min of oxygen breathing, the heart rate was again raised to the previously determined threshold level. In nine of 11 patients angina did not recur. The absence of angina was associated with improvement in myocardial lactate extraction from -17 15 to +18 10% (P < 0.025), in S-T abnormalities in six of seven patients, and in pulsus alternans in three of five patients.
alternans in three of five patients.
The pacing rate was then raised at increments of 5 beats/min until angina recurred. With oxygen breathing, angina developed at higher pacing rates (129 7 beats/min with air and 137 6 beats/min with oxygen, on the average; P < 0.005), at higher rate-pressure product (18.0 0.8 and 19.5 0.9 x 103 mm Hg/min, respectively; P < 0.01), and at higher left ventricular oxygen consumption (21.3 1.1 and 24. 6 1.1 ml/min, respectively; P <0.005). The results indicate that oxygen breathing permits the heart to do more work before coronary Table 2 Hemodynamic and Metabolic Effects of Oxygen Breathing at "Air Threshold Rate" HR 
MABP LVEDP
Max LV dp/dt CI CSBF (beats/min) ( With the patient breathing air from a storage tank, outside his field of vision, by means of a close-fitting mask with reservoir bag, the heart rate was progressively increased, by right atrial pacing, at increments of 10 beats/min until the patient complained of angina. Each pacing rate was maintained for 90 sec or until angina was produced. The pacing rate was then lowered by 5 beats/min to determine more precisely the angina threshold rate. The lowest rate at which angina was induced twice was defined as the "air threshold rate." Five minutes after discontinuation of pacing, the mask was connected without the patient's knowledge to an oxygen tank at flow rates of 10-15 liters/min. The oxygen concentration in the inspired air using this system and flow rate has been reported to be approximately 90-95%.'3 After 5 min of oxygen administration the pacing was restarted at the "air threshold rate." If angina was not induced within 90 sec, the rate was raised at increments of 5 beats/min for 90-sec periods until angina recurred.
Hemodynamic measurements and blood samples were obtained (1) during angina at "air threshold rate" with the patient breathing air, (2) during pacing at "air threshold rate" with the patient breathing oxygen, and (3) during angina with the patient breathing oxygen. Arterial blood pressure, coronary sinus blood flow, and cardiac output were measured by technics described in more detail in a previous study.14 Left ventricular end-diastolic pressure (LVEDP) and the first derivative of left ventricular pressure (LV dp/dt) were obtained by a 7F-size thin-wall Teflon catheter, inserted percutaneously via the right femoral artery.
Blood samples were taken simultaneously from the femoral artery and the coronary sinus and immediately analyzed for pH, pCO2, and P02. Oxygen content, left ventricular oxygen consumption, myocardial lactate extraction, and left ventricular coronary resistance were calculated, as described previously.14 Rate-pressure product was determiined as the product of heart rate (beats/ min) and peak arterial systolic pressure (mm Hg). When pulsus alternans vas present, the magnitude of alternation was expressed as the average pressure difference (mm Hg) between the low and high pulses over two respiratory cycles. Supraveintricular pacing was performed with a standard bipolar pacemaker catheter inserted percutaneously via the right femoral vein and usually positioned in the right appendage.
Electrocardiographic lead V5, was monitored continuously.
Results Table 2 presents a comparison of hemodynamic and metabolic data obtained at the "air threshold rate" with the patients breathing first air and then oxygen. Oxygen breathing caused a reduction in cardiac index and an inicrease in the arterial and coronary sinus oxygen content, but no change in the coronary arteriovenious oxygen difference, coronary sinus blood flow, left ventricular coronary resistance, and left ventricular oxygen consumption. Table 3 shows the effect of oxygen breathing on recurrence of angina and other manifestations of coronary insufficiency at "air threshold rate." Angina did not recur at "air threshold rate" in nine of the 11 patients breathing oxygen. Abnormalities of the S-T segmenit present in seven patients breathing air xvere absent or less pronounced in six of them on oxygen. Figure 1 presents breathing air was less pronounced in two and absent in one of them on oxygen ( fig. 2) . Myocardial lactate extraction increased significantly on oxygen. Lactate production across the myocardium was reverted by oxygen breathing to extraction in four of six patients. Table 4 presents the hemodynamic and metabolic data obtained during angina on oxygen. The heart rate at which pacing induced angina was higher in six of eight patienits; the increase ranged from 5 to 17 beats/min, 8 beats/min on the average. The improvement in patient 5 was actually greater because further elevation of his heart rate was prevented by atrioventricular block and not by angina. Atrioventricular block also prevenited further elevation of heart rate in patients 2, 3, and 7, not included in table 4 , in whom anlgina did not recur on oxygen at "air threshold rate" (table 3 ). According to the protocol of the study, their angina threshold rate xvas elevated by oxygen by at least 5 beats/min. With them the number of patients in wvhom oxygen raised the angina threshold is nine of 11. With oxygen angina was also induced at higher levels of rate-pressure product (a measure of myocardial work) ,17 and higher levels of left ventricular oxygen consumption.
When angina recurred during oxygen breathing, the abnormalities of the electrocardiogram, myocardial lactate metabolism, and contractility (pulsus alternans) were similar to those during angina induced on air.
Discussion
As shoxn recently by Shappell and associates18 the affinity of hemoglobin for oxygen in the coronary sinus is reduced during angin-a, and the reduction is directly related to the intensity and duration of pain. Under ischemic origin of pulsus alternans was also demonstrated in animal experiments,19' 20 it appeared justifiable to include it as part of the syndrome of coronary insufficiency. The reduction or disappearance of pulsus alternans during oxygen inhalation in the present study seems to support its ischemic origin.
In order to avoid the suggestive effect of the procedure, the patients were not informed about the shift from air to oxygen, and it is therefore felt that the patient's statements on the presence or absence of angina and the time of its onset can be accepted as one of the indicators of the presence of coronary insufficiency. The absence of angina during oxygen breathing was in good general agreement with improvement in the electrocardiogram, myocardial lactate metabolism, and pulsus alternans.
In most patients oxygen breathing prevented the recurrence of angina at a pacing rate which induced angina in patients breathing air. Since this effect was not associated with an increase in coronary sinus blood flow nor a Circulation, Volume XLV, April 1972 reduction in myocardial oxygen consumption, the improvement was probably due to improved oxygen supply to the ischemic areas of the myocardium, secondary to the increase in the coronary arterial oxygen tension. Although the increase in oxygen tension in the normally perfused myocardium during oxygen breathing is usually small,21 22 the increase in the ischemic myocardium may be substantially higher. Fam and associates2' observed during administration to dogs of 100% oxygen at atmospheric pressure that the myocardial and coronary sinus oxygen tension first rose by approximately 10 mm Hg and then fell within 1-1 min to 2-3 mm Hg above control. They attributed the secondary fall to an autoregulatory mechanism, sensitive to oxygen tension, leading to vasoconstriction and reduction in myocardial perfusion. It is possible that the oxygen demand of the ischemic myocardium or the effect of vasoactive substances released from it may modify the vasoconstrictor response to oxygen. This assumption is supported by the observations of Ratliff and OXYGEN IN PACING-INDUCED ANGINA associates23 that hyperbaric oxygen did not increase coronary resistance or reduce myocardial blood flow in hemorrhagic shock, whereas in dogs with normal blood pressure it produced a consistent increase in coronary resistance and reduction in myocardial blood flow.
The results indicate that oxygen breathing can raise the threshold to pacing-induced coronary insufficiency. It appears that the critical hypoxia in the ischemic areas is delayed, and the left ventricle is able to perform more work before coronary insufficiency develops.
It was shown in a previous study14 that oxygen breathing reduces the oxygen consumption of the left ventricle, most likely by a reduction in heart rate. This effect of oxygen breathing was prevented by fixation of heart rate by pacing. It is possible that under usual conditions of variable heart rate, when the reduction of myocardial oxygen demand by oxygen is not blocked, the favorable effect of oxygen on coronary insufficiency may be more proniounced. 
